Abstract: This review examines the chemical compositions and bioactivities of mangrove plants belonging to the Rhizophoraceae family. The Rhizophoraceae family of true mangrove plants is the most common and is also widely distributed species. It consists of 24 species across four genera. Of the 24 species, 12 species remain unexamined for their phytochemical constituents. There have been 268 metabolites reported from 16 species. The key phytochemical constituents identified across the family are the diterpenoids and triterpenoids. The major diterpenoids include pimaranes, beyeranes, kaurenes, dolabranes and labdanes whereas the significant triterpenoids are lupanes, dammaranes and oleananes. Disulphides, dolabranes and labdanes are considered to be the chemotaxonomic markers of the genera Bruguiera, Ceriops and Rhizophora respectively.
Introduction
Mangrove plants are potential sources of biologically active chemicals that are discernible from their wide spread application in ethnopharmaceutical practices. There habitat exists under stressful conditions and serve as a bridging ecosystem between freshwater and marine systems. These plants have specially adapted their own morphological structures and physiological mechanisms to their harsh natural surroundings. Pneumatophores, stilt roots and buttresses, with salt-excreting glands found in their leaves, and viviparous propagules are some of the several highly specialized adaptations of this group. The path of photosynthesis in mangroves is different from other glycophytes. Furthermore, there are alterations in other physiological processes such as carbohydrate metabolism or polyphenol synthesis. These plants survive under extreme conditions of salinity, temperature gradients, tidal fluctuations and anoxic soil conditions, with these plants possessing many chemical compounds, which protect them from these destructive elements 1 . Even though extracts from mangroves and mangrove-dependent species possess therapeutic activity against humans, animal and plant pathogens, the specific metabolites responsible for these bioactivities remains to be elucidated.
Rhizophoraceae
The global mangrove plant have 84 species belonging to 24 genera and 16 families 2 . Among them, 70 species are true mangroves pertaining to sixteen genera and eleven families whereas fourteen species are semi mangroves belonging to eight genera and five families. According to Wu et. al, suggests the family Rhizophoraceae belongs to true mangrove family, which contains 21 species in four genera 2 . In contrast three more species; Rhizophora annamalayana 3 , Kandelia obovata 4 and Ceriops zeppeliana blume 5 become 24 species in four genera in the Rhizophoraceae family of true mangroves. Thus the family Rhizophoraceae include: Bruguiera which contains seven species, Ceriops (five species), Kandelia (two species) and Rhizophora (ten species). The distribution of species in Rhizophoraceae family is detailed in Table 1 . 54 studies can achieve the validity of ethnomedicines as well as apply the use of mangrove plants in the development of new drugs.
In this review, the compounds identified from this family were listed, and their reported biological activities were compiled. Also chemotaxonamy and importance of further phytochemical research is discussed.
Chemical Constituents 2.1 Bruguiera:
The genus Bruguiera has six species and one hybrid species which are derived from B. sexangula, including B. cylindrica, B. exarista, B. gymnorrhiza, B. hainessi, B. parviflora, B. sexangula and B. sexangula var. *To whom correspondence should be addressed. E-mail: nebulamurukesh@gmail.com rhynchopetala. The metabolic pattern of this genus has been extensively characterised by a suite of diterpenes and triterpenes. In addition, these species also produce flavonoids, tropane derivatives and cyclic polysulphides. These include 22 metabolites from B. cylindrica, 54 metabolites from B. gymnorrhiza, nine metabolites from B. exaristata, six metabolites from B. parviflora, two metabolites from B. sexangula and 40 metabolites from B. sexangula var rhynchopetala were identified so far. A total of 114 metabolites have been reported form this genus including. A detailed list of chemical compounds identified from Bruguiera is recorded in Table 2 .
Three sulphur compounds along with an alkaloid brugine were reported from the stem and bark of B. cylindrica by Japanese scientists of during 1975-1976. 20 years later, a number of oleananes and lupanes (triterpenoids) and one kaurane (diterpenoid) were reported. The first report on the chemical constituents of B. gymnorrhiza dates back to 1978 in which Sarkar and Ganguly reported a new triterpenoid called gymnorhizol (3-epi-δ-amyrin). Since then various triterpenoids (lupanes, oleananes, ursanes, dammaranes) and diterpenoids (kauranes, pimaranes, beyaranes) along with sulphur compounds, sterols and aromatic compounds were reported from this plant.
Only two reports are available regarding the chemical constituents of B. exaristata. As part of their investigation on tumor inhibitory plants, in 1969 Loder and Russell identified the presence of alkaloids (brugine, tropine and tropine esters of acetic, iosbutyric, iosvaleric, propionic, n-butyric and benzoic acids) in the bark extracts of B. exaristata 6 while a pronounced accumulation of 1-d-1-O-methyl-muco-inositiol in the young leaves of B. exaristata was reported later by Richter and his team 7 . In a continuing search for bioactive constituents from Thai medicinal plants, Chumkaew and his team isolated and elucidated a new triterpenoid ester 3-(Z)-caffeoyllupeol along with five other tritepenoids; lupeol caffeate, 3-(Z)-coumaroyllupeol, dioslupecin A, lupeol and lupenone from the fruits of B. Parviflora 8 . The earliest work regarding the chemical constituents of mangroves deals with the isolation and characterization of the tropine 1,2-dithiolane-3-carbonylate named as bruguine from the stem bark of B. sexangula 9 . Later the same team identified additional alkaloids from the same plant as part of their investigation on tumor inhibitory plants 6 . In a study focusing on the marine fauna and flora from Chinese coasts, Li and his coworkers collected samples of the mangrove B. sexangula from Hainan Province, China. On separation of an EtOAc-soluble fraction of a methanol extract of the title plant, they isolated a new triterpene, named sexangulic acid 10 . Investigation of Chinese mangrove plants led to the isolation and characterisation of 13 compounds; three new diterpenes; six known diterpenes, a new dithiobenzoquinone two cyclic disulfides and 2,6-dimethoxy-1,4-benzoquinone from the EtOH extract of the stem of B. sexangula var. rhynchopetala 11 . Further several triterpenoids and sterols were reported 12 . Recently, a continuous investigation for chemical diversity of B. sexangula var. rhynchopetala led to the isolation and characterization of six new phenolic constituents named rhyncosides A-F, together with twelve known compounds including two phenolic glycosides, four flavonoids, and six lignan derivatives 13 .
Ceriops:
The genus of Ceriops has two species and two varieties, namely C. tagal (Perr.), C. decandra, C. tagal var. australasica and C. tagal var. typical. These plants are valued for their rich tannin content and are a rich source of pentacyclic triterpenoids 17 . To date, 30 metabolities from C. decandra and 72 metabolites from C. tagal are known. Thus a total of 92 metabolites including 45 diterpenoids (23 dolabranes, six dimeric diterpenoids, four beyeranes, five kauranes, and seven pimaranes) and 45 tritepenoids (35 lupanes, seven dammaranes, one oleanane, one ursane, and one abietane) along with two steroids have been reported so far from this genus.
On examination of the roots of C. decandra collected from the Kauvery estuary (Parangipettai coast), Anjaneyulu and his team isolated and characterised twelve diterpenoids 30, 31, 32 . Subsequently, two novel triterpene esters were isolated from the leaves of C. decandra in addition to 16 known triterpenes (-)-3,4-dihydro-3-hydroxy-7-methoxy-2H-1,5-benzodithiepine-6,9-dione (152)
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Aromatic compounds 47 . Later in early nineties Kokpol and his team had identified three terpenoids, five long chain aliphatic alcohols, eleven long chain aliphatic saturated carboxylic acids, three steroids, 2,6-dimethoxy-p-benzoquinone, syringaldehyde and sitosteryl 3-glucoside from this plant species. Also, five kauranes, one labdane and one pimarane diterpenoids and one lupane triterpenoid are reported so far from R. apiculata.
The study conducted by Williams et. al 51 reported the isolation and chemical characterisation of taraxerol and cinnamoyllupeol, two triterpenoids from the leaves and stems of Rhizophora mangle L. A variety of steroids, diterpenoids and triterpenoids were reported from the leaves and bark of R. mucronata. A few beyeranes (diterpenoids) were identified from this plant, and are unique to this species. Only triterpenoids of the classes oleananes and D-friedooleananes from R. stylosa are reported to date.
Bioactivities 3.1 Bioactivities of Compounds Identified:
With stably transfected HepG2 cells, three new dammarane triterpenes; bruguierins A-C and a new cyclic 4-hydroxy-dithiosulfonatebruguiesulfurol as well as two known 4-hydroxydithiolane-1-oxides; brugierol and isobrugierol, were isolated from the flowers of Bruguiera gymnorrhiza. These phytochemicals activated an antioxidant response element (ARE luciferase activation) with EC 50 values of 7.8, 9.4, 15.7, 56.7, 3.7 and 1.8 µM, respectively. Furthermore, bruguierin A, brugierol and isobrugierol also inhibited phorbol ester-induced NFκB (nuclear factor-κB) luciferase activation with an IC 50 value of 1.4, 85.0 and 14.5 µM respectively, while bruguierin A and brugierol selectively inhibited cyclooxygenase-2 (COX-2) activity with an IC 50 value of 0.37 and 6.1 µM respectively 18, 26 . The compounds 16α-17,19-ent-kauranediol; 13-hydroxy-16-ent-kaurene-19-ol and 16-ent-kaurene-19-ol showed promising activity against K-562 (human chronic myeloid leukemia) and L-929 (mouse fibroblasts) of which 16-entkaurene-19-ol showed the greatest selectivity for K-562 (IC 50 6.8 µg/mL) 22 . (5R,9S,10R,13S,15S)ent-8(14)-pimarene-1-oxo-15,16-diol showed moderate cytotoxic activities against L-929 25 . The 15 membered macrocyclic polysulfide, gymnorrhizol, possesses an novel carbon skeleton which was isolated from B. gymnorrhiza and exhibited potent inhibitory activity against protein tryrosine phosphatase 1B (PTP1B). PTP1B is an enzyme involved in the regulation of insulin signaling and which is regarded as a key for treatment of type III diabetes and obesity 27 . One of the aromatic compounds extracted from the stem of B. gymnorrhiza, bruguierol C showed moderate activity against gram-positive and gram-negative bacteria including mycobacteria and resistant strains (MICs 12.5 μg/mL) 28 . The lupane caffeoyl ester, 3-(Z)-caffeoyllupeol extracted from B. parviflora exhibited antimalarial activity with an EC 50 value of 8.6 µg/mL 8 . Sexangulic acid obtained from B. sexangula showed moderate in vitro cytotoxicity against human lung cancer (A-549) and human luekaemic (H-L60) cell lines at a concentration of 5 µg/ml 10 . Tagalsin C found in C. tagal was found to exhibit moderate cytotoxicity against HeLa human cervical carcinoma cell lines 35 (29)-en-3β-hydroxy-28-oic acid were isolated from the roots of marine mangrove C. tagal which were evaluated for the activation of caspase-3 enzyme using caspase-3 colourimetric assay. Caspase-3 enzyme was activated by all compounds in cleaving pNA from Ac-DEVDpNA in the presence of caspase-3-inhibitor; Ac-DEVD-CHO 39 . 2,6-dimethoxy-p-benzoquinone isolated from R. apiculata was identified as an active constituent component against fungi, bacteria and boll weevils 55 . Taraxerol and cinnamoyllupeol, are two triterpenoids derived from the leaves and stems of Rhizophora mangle L, were found exhibit insecticidal activity towards Cylas formicarius: one of the most destructive pests of the sweet potato 51 . Among the compounds isolated from the leaves of Rhizophora stylosa, taraxerol has been confirmed to have growth inhibitory effects of Hela and BGC-823 with IC 50 of 73.4 µmol/L and 73.3 µmol/L, respectively, while ciscareaborin may inhibit the growth of BGC-823 and MCF-7 with IC 50 of 45.9 µmol/L and 116.0 µmol/L, respectively. Furthermore, the presence of astilbin and rutin were initially reported to stimulate the proliferation of mice splenic lymphocytes markedly in a dose-dependent manner 50 . The 
Bioactivities of Mangrove Extracts:
Various publications have reported the biological activities of mangrove extracts. The components of crude alkaloid mixtures from B. sexangula and B. exarista were identified as tumor inhibitors 6 . A polysaccharide extracted from the leaves of B. cylindrica, R. apiculata and R. mucronata of Rhizophoraceae along with some other mangrove plants exhibited positive activity against human immunodefiency viruses (HIV) 61 . All parts of Ceriops decandra have proven antiviral activity 61 . It also possess promising antibacterial 62 , antiinflammatory 63 , and antidiabetic activity 64 . The leaves and bark extract of C. tagal shows antibacterial activity 65 . Phenolics are important components of the leaf extract and hypocotyls of K. candel and show excellent antioxidant activities 66, 67 . Therefore, K. candel can be a good candidate for further development as an antioxidant medicine. During the study on the antibacterial activities of mangrove extracts against two antibiotic resistant This antibacterial activity was also reported in a study showing that gallic acid was extracted from hydrolysable tannin from the barks of R. apiculata. The gallic acid possessed a significant antiyeast (anticandidal) activity towards some yeast species of medical importance. It is anticipated that gallic acid from R. apiculata is a novel antiyeast agent which may be useful in the treatment of candidiasis 69 . Alcoholic extract of the leaves of Rhizophora apiculata from the mangrove forest of Sunderbans, West Bengal, India were prepared and displayed manglycemic/anti-hyperglycemic activity in streptozotocin induced diabetic rats fed a glucose bolus. The results of this study revealed that this plant extract had potential hypoglycemic action 70 . The cholinesterase inhibition activity of R. lamarckii was established by Natarajan et. al 2009. The antihyperglycaemic effect of R. mangle was studied 71 . The leaf extracts of three mangrove plants of Rhizophoraceae family; Rhizophora mucronata, R. apiculata and R. annamalayana were found to have potential antidiabetic capacity due to the presence of an insulin-like protein 72 . The various studies mentioned, provide scientific support for the use of the mangroves in folklore medicine for the treatment of diabetes.
Various mangrove plants were tested for their antioxidant capacity 65, 73 . It was found that the Rhizophoraceae mangroves showed comparatively higher antioxidant capacity which can be attributed to their higher phenolic content. Additionally, the mangrove plants of Rhizophoraceae family are the source of potent antiviral substances 61 .
Chemotaxonomy
The chemical constituents of mangrove plants of the three true mangrove genera (Rhizophoraceae); Bruguiera, Ceriops and Rhizophora, are the diterpenoid class kauranes exist in the genera Bruguiera and Ceriops, however kauranes are absent in the genus Rhizophora. The genus Bruguiera is characterised by the presence of disulphides and polydisulphides which are unique to the genus. Thus they can be considered as significant chemotaxonamic markers of this genus. Also, it was observed that ent-pimarane coexists with isopimarane in the genus Bruguiera. Interestingly, dolabranes only exist in the genus Ceriops making it a significant chemotaxonomic marker. Similarly, labdane was found only in the genus Rhizophora, making it a significant chemotaxonomic marker of that specific genus.
Furthermore, extensive investigation is needed to identify and classify the chemical constituents of mangrove plants to construct a thorough basis for the chemotaxonamic studies of these versatile plants.
Conclusions
In this review, the chemistry and bioactivities of mangroves plants of Rhizophoraceae family have been summarised. Two types of diterpenoids; beyerane and pimarane, and three types of triterpenoids; lupane, oleanane and dammarane, are common chemical constituents ubiquitously found in this family, including 268 metabolites. To date, the chemical constituents from all the mangrove plants of this family have not been investigated. It is clear that mangrove plants can provide a new Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
